The heterobasidiomycetous yeast Rhodosporidium sphaerocarpum isolated from the Antarctic Ocean and a saltpan, showed marked tolerance to high concentrations of NaC1 in the growth medium. This yeast accumulated glycerol as a major osmoregulator, as well as Na + and CI-, in response to changes in the concentration of NaCI in the external medium. The low levels of another cellular polyol, xylitol, did not respond to changes in the external medium.
Introduction
Many kinds of salt-tolerant and halophilic microorganisms exist in natural habitats and artificial saline environments. These microorganisms are able to grow by accumulating osmoregulatory solutes under salt-stressed conditions. Zygosaccharomyces rouxii was the first yeast reported to accumulate glycerol as a compatible solute [1] .
The yeasts Debaryomyces hansenii [2] and Saccharomyces cerevisiae [3] , and the fungi Penicillium ochro-chloron [4] and Aspergillus nidulans [5] also accumulate glycerol as a major osmoregulator. Recently, Meikle et al. [6] confirmed by 13C-NMR spectroscopy that, in many yeasts, glycerol * Corresponding author. functions as the sole osmoregulatory solute under salt-stressed conditions.
The heterobasidiomycetous yeast Rhodosporidium sphaerocarpum was isolated from the Antarctic Ocean [7] and from a saltpan [8] . It can grow in media with high concentrations of NaC1 [9] . However, no information is available about osmoregulatory solutes in basidiomycetous yeasts under salt-stressed conditions. [8] . The two strains were maintained on YPD-30 agar slants with 1 M NaCI. The YPD-30 medium contained yeast extract (0.5%), peptone (0.5%), KH2PO 4 (0.5%), MgSO 4. 7H20 (0.2%) and glucose (3%).
Materials and Methods

Organism, media and culture conditions
The cells were precultured aerobically for 2 days in test tubes and then inoculated at a density of 5 x 105 cells ml-1 into 80 ml of YPD-30 media with various concentrations of salts. Cells were cultured at 26°C on a reciprocating shaker at 120 strokes rain-1. To determine the intracellular levels of glycerol and inorganic ions during the initial stage of salt stress, a larger inoculum of 108 cells ml-1 medium was used. Growth was monitored by measuring the optical density at 660 nm of cultures diluted with salt solutions isotonic to the respective growth media.
Preparation of cell extracts
Cells grown for 2 days in various media were washed twice with water or NaC1 solution isotonic to the respective media and were disrupted with glass beads (0.3 mm in diameter) for 10 min at 4°C in a Vibrogen cell mill (Edmund Biihler, Tiibingen, FRG). After removal of beads, the suspension of broken cells was centrifuged for 20 rain at 10000 xg. Supernatants were used for quantitation of intracellular solutes other than carotenoid and inorganic ions.
Analytical methods
Amino acids and reducing sugars were assayed by the ninhydrin method [10] with leucine as the standard and by the 3,5-dinitrosalicylic acid method [11] with glucose as the standard, respectively. Total polyol content was estimated by periodate oxidation [12] and the glycerol content was determined enzymatically by the glycerokinase method [13, 14] . Levels of Na ÷, K ÷ and CI-were determined as described previously [14] .
Polyol determination by gas chromatography
200/xl of the supernatant were evaporated to dryness under reduced pressure at 60°C. The dried sample was treated for 5 min at 60°C with 100 /zl of acetonitrile that contained phenanthrene as an internal standard and 100 /xl of N,O-bis(trimethylsilyl)trifluoroacetamide. 1 /zl of the trimethyl silylated mixture was analyzed in a gas-liquid chromatograph (model 163; Hitachi) equipped with a hydrogen flame ionization detector. A glass column (2 mm x 2 m), packed with 10% OV-17 on Chromosorb W (60-80 mesh), was used. Nitrogen gas was used as the carrier at a flow rate of 45 ml min-t. The column temperature was raised at a rate of 4°C min-1 from 130°C to 250°C.
Quantitation of carotenoid
Harvested cells were suspended in 5 ml of acetone, mixed with glass beads (0.3 mm diameter) and then disrupted for 10 min at 4°C in a Vibrogen cell mill. After removal of beads by washing with acetone, carotenoid was completely extracted with acetone and transferred to nhexane. Absorbance of carotenoid in hexane was measured at 480 nm and levels were calculated from the absorption coefficient of 3,240 ~'P~% "~ of ~' ~ 1 C1'11 / tolulene [15] and expressed as fg cell-i.
Results and Discussion
Growth of R. sphaerocarpum in media with salts
The growth of strains RS1 and RS3 was examined in media with various concentrations of NaC1 (Fig. 1) . Both strains grew well without extension of the lag phase in media with NaC1 up to 2.5 M. Although RS3 was able to grow with a slight extension of the lag phase in medium with 3 M NaCI, RS1 barely grew after an extended lag phase. RS3 grew even in medium with 3.5 M NaCI after incubation for 8 days. Thus, both strains tolerated hypertonicity due to NaCI, although RS3 was slightly more tolerant than RS1. Both strains also grew well in media with 2 M or 3 M KC1 or 1.4 M MgCI 2 (osmotic pressure equivalent to 2 M NaCI), and they barely grew in medium with 0.3 M LiCI (data not shown). The ability to tolerate NaCl-hypertonicity but not LiCl-hypertonicity is common to many halophilic and salt-tolerant microorganisms, such as Micrococcus varians [16] , Z. rouxii [13] and Dunaliella tertiolecta [17] .
Quantitation of osmoregulatory solutes after exposure to external salinity
To investigate the solutes that accumulate in cells in response to changes in external salinity, we examined extracts of cells grown for 2 days in media with 1 M and 2 M NaC1. Total polyol contents of strains RS1 and RS3 increased dramatically with increasing external concentrations of NaCl (data not shown). The trimethyl silylated derivatives of the polyols were analyzed with a gas chromatograph. The analysis revealed the presence of one major and one minor peak, identified as glycerol and xylitol, respectively (data not shown). Quantitative analysis revealed that intracellular levels of glycerol in both strains increased about 15-22-fold in medium with 1 M 215 NaCI and about 42-50-fold in medium with 2 M NaCI as compared to levels in medium without added NaC1 (Table 1) . Levels of xylitol did not increase in response to external osmolarity (Table  1) . Although intracellular levels of Na ÷ and CIalso increased, the levels were much lower than those of glycerol. The intracellular levels of reducing sugars and amino acids in cells grown in medium with NaCI differed little from those in medium without added NaC1 (Table 1) . Since the carotenoid extracted from both strains had three peaks of absorbance, at 458, 487 and 519 nm, in hexane solution, the carotenoid was regarded as tolulene (3,4-dihydro-/3-carotene) [15] . The spectra of the carotenoid extracted from cells grown in media with and without NaCI were identical and the levels in both types of cells were quantitatively similar, with the exception of levels in RS1 cells grown with 2 M NaCI ( Table 1) . Therefore, these results suggest that glycerol functions as the major osmoregulatory solute and that Na ÷ and CI-are secondary osmoregulatory solutes.
Changes in intracellular levels of glycerol and inorganic ions after salt stress
When exposed to medium with NaCI, the salttolerant yeast Z. rouxii immediately accumulates high levels of glycerol and adjusts the intracellular osmotic pressure to the equivalent of the external osmotic pressure within 2 h [14, 18] . Therefore changes in intracellular levels of glycerol and inorganic ions in RS3 ceils were examined for 3 h under various salt-stressed conditions. No increase in cell number occurred within Table 1 Changes in levels of intracellular solutes in R. sphaerocarpum grown for 2 days in media with or without NaCI 3 h in media with and without NaCI (data not shown). Intracellular levels of glycerol in cells incubated in medium with 1 M NaC1 increased linearly for up to 3 h, and those in medium with 2 M NaC1 decreased for the first hour and then increased rapidly (Fig. 2a) . However, the level in medium with 3 M NaC1 did not increase for 3 h because of repression of glycerol synthesis by high external osmotic pressure. Nonetheless, even in medium with 3 M NaC1, intracellular levels of glycerol gradually increased and reached a maximum after a 4-day incubation (data not shown). By contrast, intracellular levels of Na ÷ and C1-ions increased rapidly within 1 h in all NaCl-supplemented media and did not increase further subsequently (Fig. 2b, c) . The levels increased in proportion to the concentration of NaC1 in medium (Fig. lb) . Intracellular levels of K ÷ were about 2.5 and 1.5 fmol cell -1 in salt-free and NaCl-containing media, respectively, and they did not change very much in either media (data not shown). The total amounts of intracellular glycerol, Na ÷, K ÷ and C1-in cells incubated in media with 1 M and 2 M NaC1 increased rapidly over the course of 3 h while those in medium with 3 M NaCI increased only during the first hour (Fig. 2d) . This result indicates that, during salt stress for 3 h, the higher the concentration of NaC1 in the medium up to 2 M NaCI, the greater are total amounts of intracellular glycerol and ions. Moreover, the ratio of ions to the total amounts in the cells increase similarly. These results also indicate that, immediately after salt stress, the cells increase the intracellular osmotic pressure by accumulating glycerol and ions in response to an increased concentration of NaC1 in the medium, in particular, by the rapid accumulation of ions instead of glycerol, the synthesis of which is depressed in medium with higher concentrations of NaC1. A major role for glycerol in osmoregulation was also found in the RS1 strain (data not shown). When cells grown for 3 days in medium with 1 M NaCI, which had accumulated appropriate amounts of glycerol and inorganic ions intracellulady, were incubated in medium without NaCl, glycerol, Na ÷ and C1-immediately leaked from the cells to give intracellular levels appropriate for the new medium (data not shown). Our results indicate that glycerol functions as a major osmoregulator and ions such as Na + and Cl-are secondary solutes. Thus, the heterobasidiomycetous salt-tolerant yeast R. sphaerocarpum regulates the intracellular osmotic pressure by accumulating glycerol.
